A fully enzymatic assay is described for the determination of triglycerides. The coupled activities of triacylglycerol acylhydrolase and glycerol kinase result in the formation of glycerol-3-phosphate. The System also contains L-a-glycerol-phosphate oxidase, which produces hydrogen peroxide from glycerol-3-phosphate, and a sensitive chromogenic indicator System, consisting of peroxidase, 4-chlorophenol and 4-aminophenazone. We evaluated this rnethod with respect to kinetics, lineärity, blank rates, precision, accuracy, reagent stability and interfering substances.
Introduction
Fülly enzymatic methods have considerably increased the practicability of routine methods for the assay of triglycerides. In the most widely used modification (1) visible or ultraviolet ränge; these reactions include oxidation or phosphorylation/oxidation. The initial oxidation of glycerol has been reported to be catalysed by nucleotide dependent enzymes (e.g. glycerol dehydrogenase, EC 1.1.1.6 or EC 1.1.1.72) (2) . An eüzyme which oxidizes glycerol to glyceraldehyde with no requirement for an exogeneous cofactor has been described (3), whereas glycerol phosphate may be oxidized by several different enzymes (e.g. glycerol-phosphate dehydrogenase (NAD + ), EC 1.1.1.8, or glycerolphosphate oxidase, EC No. not assigned) (2, 4) .
Monitoring the decrease of NADH concentration in the ultraviolet ränge is a method of high precision, sensitivity and specifity but has disadvantages concerning stability of the working solution. Furthermore a parallel sample blank must be measured for each sample to calculate the UV-absorbance of serum components. Colorimetric methods, based on the reduction of tetrazolium salts by NADH and diaphorase and measurement of the resulting formazan in the visible region (5) , need no parallel sample blank but suffer from increasing reagent blanks caused by spontaneous formation of the formazan dye.
The recent description of L-a-glycerol-phosphate oxidase (4) and its use for the determination of triglycerides (6-9) has prompted us to combine this enzyme, which produces hydrogen peroxide, with a sensitive chromogenic System, based on the method reported by Trinder (10) .
In this fully ehzymatic assay, triglycerides are cleaved by triacylglycerol acylhydrolase (EC 3.1.1.3) and the glycerol obtained is phosphorylated with ATP and glycerol kinase (EC 2.7.1.30) into glycerol-3-phosphate, which is oxidized by glycerol-phosphate oxidase (EC No. not assigned) to dihydroxyacetone phosphate and hydrogen peroxide. In the presence of peroxidase (EC 1.11.1.7) hydrogen peroxide oxidizes the chromogen, consisting of 4-aminophenazone and 4-chlorophenol, to form a red coloured quinonemonoimine dye. The absorbance of the quinonemonoimine dye is proportional to the concentration of triglycerides and free glycerol in the sample. This simplified, fully enzymatic endpoint method for assay of total triglycerides offers several advantages:
-no need for a serum blank, -absorbance reading in the visible region of the spectrum, · -good stability of the working solution,
-high precision and accuracy -linearity up to 11.4 mmol/1, or 10 g/l -excellent applicability to automated analysers.
Because serum triglycerides are esterified with different fatty acids, the accurate determination of serum triglycerides requires the complete hydrolysis of triglycerides. Therefore we have developed a sensitive HPTLC-method which allows the quantitation of the extent öf triglyceride cleavage under the conditions actually existing during routine assays of serum total triglycerides with enzymatic reägents. Tö demonstrate the complete oxidation of L-a-glycerol-phosphate to dihydroxyaeetone-phosphate and hydrogen peroxide, and the formation of a homogeneous and definite quinonemonoimine dye under assay conditions we used HPLC-techniques.
L-a-glycerol-phosphate oxidase is highly specific for L-a-glycerol-phosphate, which is generated in a specific reaction from glycerol with glycerol kinase. The oxidative coupling in the last step under the catalytic influence of peroxidase is less specific. For example bilirubin has been described previously to interfere with the quantitation of hydrogen peroxide and decrease the amoüfit of chroitiophore formed (11) . For this reason, results obtained by determination of serum triglycerides tend to be lower than true triglyceride values. Therefore we optimized this method for measurement of triglyceride concentrations by use of potassium hexacyaüoferrate(II) (7) to minimize bilirubin interferences. 
Materials and Methods

Enzymatic assay
Apparatus
Reagent and Standard
The composition of buffer and enzymes/chromogen reagent is shown in 
Assay procedure
Add 20 μΐ of the sample (serum, plasma or Standard) to 2 ml of the working solution. Mix and incubate for 10 min at 20-25 °C or 37 °C. The absorbance is measured at 500 nm or 546 um versus reagent blank.
Comparison method
The results of the enzymatic colour test were compared with those from an enzymatic ultraviolet method from Boehringer Mannheim,
Chromatographie methods
Chemicals
All reagents for sample pretreatment and chromatography were obtained from Merck Co. (Darmstadt, FRG) in the purest grade available with the following exceptions: Precilip control serum was from Boehringer Mannheim (Mannheim, FRG); cholesterol acetate, triolein, tristearin and glycerol-3-phosphate (Na 2 -salt) were purchased from Serva (Heidelberg, FRG); dihydroxyacetone-phosphate (Li-salt) was from Sigma (Munich, FRG).
Instrumentation and procedures for the determination of the triglycerides in the assay
Centrifugation was carried out with a Labofuge II from HeraeusChrist, Osterrode, FRG. Evaporations of the extraction solvent were performed under N2 using a Silli-Therm (Pierce Chemical Company, Rotterdam, The Netherlands). Silica-gel HPTLC plates were obtained from Merck Co. Chromatography was carried out with a CAMAG "U-Chamber". Scans of the chromatograms were obtained from a CAMAG TLC-scanner.
Redistilled Chloroform and methanol were used for the preparation of the extraction solvent (CHCb/CHsOH = l -l-l by vol.).
Each analysis comprises at least 3 different sample extracts:
Reacted sample "S" represents the residual triglycerides after incubation of serum with the triglyceride reagent; the sample blank "SB" represents the amount of triglycerides originally present in the 1:100 diluted serum, and the reagent blank "RB" the background value caused by Substrates from the reagent matrix showing Chromatographie behaviour identical to that of the serum triglyceride fraction. For the sample blank ("SB"), consecutively add 45 μΐ of control serum and 4.45 ml of triglyceride reagent to another 28 ml of extraction solvent and proceed further s described for the reacted sample "S". For the reagent blank "RB" mix 4.45 ml of triglyceride reagent with a third 28 ml portion of extraction solvent.
Circular high performance thin layer chromatography
Apply 800 nl aliquots of samples and blanks to silica-HPTLC plates. Develop the plates in circular mode with a total of 650 μΐ hexane/diethylether/acetic acid = 60+12 + 15 (by vol). Thereafter remove the solvent quantitatively. For staining, briefly dip the plate into a 5% aq. solution of ZrOSO 4 and develop by heating at 120 °C. Thereby triglycerides and internal Standard are converted into fluorescent compounds. Scan the lanes of samples and Standards with the CAMAG Scanner in the fluorescent mode (excitation wavelength = 366 nm) and record the emission above 400 nm.
Liquid Chromatographie analysis of the conversion of glycerol to dihydroxyacetone phosphate
We used a liquid Chromatograph, model HSRI 931, from Optilab, Stockholm, Sweden, equipped with a differential refractometer, model ERC-7510, from ERC Gesellschaft f r den Vertrieb wissenschaftlicher Ger te mbH., Alteglofsheim/Opf., FRG.
The following stock Solutions of Standard compounds were prepared: glycerol (13.4 mmol/1), dihydroxyacetone-phosphate, Lisalt (6.70 mmol/1) and glycerol-3-phosphate, Na 2 -sait (3.12 mmol/1). Samples were prepared by adding glycerol up to 1.60 mmol/Ί of the assay. Standards for peak idcntification and quantification were obtained by diluting the stock Solutions in water. To monitor Separation of dihydroxyacetone phosphate from glycerol-3-phosphate, assay samples were spiked with amounts of glycerol-3-phosphate from 0.12 to 0.93 mmol/1 assay.
Standards, sample Solutions and reagent blanks (50 μΐ in each case) were injected on an ion exclusion guard column, coupled to an "organic acid column", type HPX-87H, 250 x 7.8 mm, both from BioRad, Munich, FRG. The columns were kept at 58 °C and eluted with 50 mmol/1 sulfuric acid at a flow rate of 1.0 ml/min. The optical bank of the detector was heated to 45 °C.
Liquid Chromatographie analysis of the colour reaction
We injected 50 μΐ of sample blanks and reacted samples (210 mg glycerol per liter of reagent) into a model 1084 A HPLC unit from Hewlett Packard, Waldbronn, FRG. Flavine adenine dinucleotide, 4-aminophenazone, 4-chlorophenol and the c lo red reaction product were separated on a 5 μ Lichrosorb RP-18 column, 250 x 4 mm (Merck Co., Darmstadt, FRG), with a gradient from 0.01 mol/1 potassium phosphate buffer, pH 7.5 to acetonitrile, at a flow rate of l ml/min and at room temperature. The effluent was monitored at 254 nm and at 500 nm.
Reagent blank
The increase of reagent blank is less than ΔΑ = 0.040 when the reagent is stored for 48 hours at 20-25 °C, and less than ΔΑ = 0.030 when stored for two weeks at 2-8 °C.
Linearity
We tested the linearity with a human serum containing 14.0 mmol/1 trigiycerides, which was stepwise diluted with physiological saline. Figufe l shows the absorbance at 500 nm and 546 nm versus increasing concentrations of trigiycerides usiiig a freshly prepared reagent and a reagent which was stored for 48 hours at 25 °C. The estimated cutves are linear up to at least 11.4 mmol/1 (^ 10 g/l).
Results
Assay characteristics
Absorbance
The quinonimine dye, which is formed by oxidative coupling of 4-chlorophenol and 4-aminophenazone, shows under assay conditions a maximum of absorbance at 505 nm.
Colour development and colour stability
The reaction rate was checked with different human sera, containing triglyceride concentrations up to 13.5 mmol/1. The colour development was completed within 10 min at room temperature or at 37 °C.
The colour stability was studied in three different pools of human sera and in aqueous glycerol solutions. No important changes of absorbance at 500 nm and 546 nm could be detected during 60 min at room temperature or 30 min at 37 °C.
Sensitivity
The sensitivity of the method was investigated using aqueous glycerol Solutions ranging from 1.1 to 11.4 mmol/1. At room temperature we recorded a response of ΔΑ = 0.115 per mmol/1 at 500 nm and ΔΑ = 0.084 per mmol/1 trigiycerides at 546 nm. Storage of the working reagent over a period of 48 hours at 20-25 °C or two weeks at 2-8 °C did not influence the sensitivity. 
Lipaemic sera
The influence of lipaemia was investigated with 8 human sera ranging from 13.7 to 20.9 mmol/1 triglycerides. The samples were diluted l + l with physiological saline and the triglyceride values obtained
We estimated the triglyceride concentrations in 60 human sera ranging from 0.52 to 11.1 mmol/1 and compared the results with an enzymatic UV-method from Boehringer Mannheim ( fig. 2 ). The incubation temperature was 25 °C, absorbance readings were carried out at 546 nm (colorimetric method) and 365 nm (UV % -method). The comparision of triglyceride values shows an excellent correlation between both methods with a correlation coefficient of 0.999, a slope of 1.030 and an intercept of -0.037 mmol/l. In the comparison of the colorimetric method and the UV-method, the greatest observed differences were +9.5 and -5.8%. 
Inlerference studies
We investigated the interference of the serum metabolites bilirubin, haemoglobin, uric acid and glucose and the exogenous substances ascorbic acid and amethyldopa. Increasing amounts of the mentioned substances were added to pooled human sera containing triglyceride concentrations in the normal level. The triglyceride value of each sample was determined in 5 replicates and changes in recovery were related to the pooled sera without added substances. To demonstrate the efficiency of potassium hexacyanoferrate(II) the interference of bilirubin was measured using a reagent mixture with and without this component Chromatographie monitoring of the cascade of enzymatic reactions
Since the accuracy of the triglyceride assay requires that each of the enzymatic reaction Steps be complete and homogeneous, we monitored each
Step by non-enzymatic methods, in order to check these criteria.
Determination of unhydrolysed triglycerides in the assay (12)
The Folch procedure for extr ction of lipids (13) was followed by a methanol/hexane partition. In this additional step the neutral lipids were extracted into the hexane phase and freed from matrix c mponents which interfered with the thin-layer Chromatographie determination of traces of unhydrolysed triglycerides in the assay (14) . The hexane extract was subjected to the Standard TLC procedui-έ for sep rating serum lipids into compound classes (15). The triglyceride spot was localized using triolein and tristearin äs Rf-markers. By staining the neutral lipids with ZrOSÜ4 according to Segura (16) we obtained a limit of detection of about l ng triglycerides per spot.
Since the signal response of triglycerides differs, depending on their content of unsaturated bonds, we used the 1:100 diluted serum itself ("sample blank") äs the Standard for quantification of the unhydrolysed triglycerides. Figure 5 shows the densitometric profiles of sample, sample blank and reagent blank. The chromatogram of the reagent blank is the decisive test for the procedure of sample prepurification. It shows that no component from the assay matrix comigrates with the triglycerides. Comparison of the reacted sample with the sample blank demonstrates that remaining triglycerides are less than 0.3% of the initial amount of triglycerides in the serum. Thus, we conclude that serum triglycerides are hydrolysed completely to glycerol and fatty acids in this assay.
•R f Rf Conversion of glycerol to dihydroxyacetone-phosphate 1 From the various types of anion exchange and ionpair reversed phase Chromatographie Systems which were tried, only chromatography on the BioRad "organic acid column" was suited for the Separation of dihydroxyacetone-phosphate from its precursors, glycerol and glycerol-3-phosphate, and from the other components of the assay mixture. The sulphuric acid concentration of the eluent had to be increased from the conventional 0.005 mol/ to 0.05 mol/1 to improve this Separation (17). Refractometric detection was mandatory. To provide for sufficient sensitivity, addition of glycerol to the reagent far beyond the linear measuring ränge of the enzymatic assay was required. Therefore, limiting reagent ingredients were increased for these experiments. Figure 6 shows chromatograms obtained from a Standard solution containing dihydroxyacetonephosphate, glycerol-3-phosphate and glycerol (a), a reagent blank (b), an assay reacted with 1.60 mmol/1 glycerol (c) and an assay spiked with glycerol-3-phosphate (d). Comparison of the reagent blank with both assay and spiked assay demonstrated that detection of reaction intermediates and product is not impaired by the assay matrix. The reacted assay contains neither glycerol-3-phosphate nor residual glycerol. The limit of detection for both glycerol and its phosphate was found to be 0.06 mmol/1 of the injected solution. This corresponds to 4% of the concentration of glycerol employed in the assay.
Analysis of the colour reaction
Samples were injected on a reversed phase column without pretreatment. With the acetonitrile gradient, flavine adenine dinucleotide, 4-aminophenazone, the colour product and 4-chlorophenol were eluted äs distinct, Symmetrie peaks. Addition of phosphate buffer to the eluent was necessary, since these compounds (except 4-chlorophenol) carry electric charges (18). The chromatograms in figure 7 represent the Separation of the reaction blank and the reacted assay after addition of glycerol, monitored both at 254 and 500 nm. At 254 nm all the above mentioned compounds are recorded in the eluate, whereas at 500 nm FAD and the coloured reaction product are detected selectively. At both wavelengths only one additional peak appears after enzymatic reaction -most clearly to be seen from the signal traces at 500 nm. This shows that the colour forming reaction
Step leads to a single definite product. I: Reagent blank at 254 nm II: assay sample at 254 nm III: reagent blank at 500 nm IV: assay sample at 500 nm At both wavelengths only one reaction product was found.
Discussion
A major factor in the accuracy of an enzymatic determination of serum triglycerides is the complete hydrolysis of triglycerides by triacylglycerol acylhydrolase. Furthermore there must be no interfering side reactions during phosphorylation of the liberaled glycerol by glycerol kinase and oxidation of glycerol-3-phosphate by L-a-glycerol-phosphate oxidase to dihydroxyacetone-phosphate with the equimolar consumption of oxygen and the concomitant formation of hydrogen peroxide. To demonstrate the homogeneous course of these enzymatic reactions, we developed a HPTLC-technique for monitoring the complete hydrolysis of serum triglycerides, and a HPLC-method for monitoring the total conversion of glycerol to dihydroxyacetone-phosphate. Because the final peroxidase-dependent oxidative coupling is relatively unspecific, we optimized the assay conditions to ensure that the absorbance in the visible region was caused by one homogeneous reaction product. The formation of an uniform quinonemonoimine dye was proved with a HPLCmethod.
We optimized the reagent composition of this quantitative colorimetric method with regard to complete colour development within 10 min at 20-25 °C and 37 °C, maximum colour stability and minimum reagent blank, The analytical sensitivity of the indicator reaction permits a good differentiation of triglyceride concentrations even in the very low ränge.
The wide ränge of linearity up to 10 g/l or 11.4 mmol/1 is also fulfilled when the working reagent is stored for 48 hours ät 20-25 °C or two weeks at 2-8 °C, which is of great importance under routine assay conditions. The ability to measure lipaemic sera without sample pretreatment and without a sample blank is due to the use of an efficient turbidity Clearing System, consisting of triacylglycerol acylhydrolase, sodium cholate, detergent and an appropriate ionic strength, which also prevents the appearance of turbidity during the reaction time at both incubation temperatures. The corr.elation between the colorimetric method and an enzymatic UV-assay is highly significant in the whole ränge of linearity.
Using Trinder Systems for the detection of hydrogen peroxide, bilirubin has been reported to interact in the peroxidase-catalysed reaction by competing for hydrogen peroxide, which results in lower triglyceride values. Positive spectral interference can be lessened by measuring at a wavelength of 500 nm or higher (11) . The chemical interference could be minimized by use of potassium hexacyanoferrate(II) äs previously described (7) . Up to serum concentrations of 150 mg/1 we found no significant influence.
Haemoglobin not only acts äs a pseudoperoxidase but also causes a positive spectral interference in the visible ränge. However this effect was negligible when serum concentrations were less than 2 g/l.
With the exception of ascorbic acid and a-methyldopa, for which negative interferences were borderline, we found no disturbing effects on the assay of triglycerides by common drugs at concentrations in excess of clinically relevant serum concentrations.
In conclusion, the chemical and biochemical basis for this colorimetric method can be clearly specified. This is the preliminary condition for an accurate and reliable assay. Because of the simple handling and the excellent applicability to automated Instruments the proposed method is well suitable for clinical routine laboratories.
